Abstract. Collagen β (1-O) galactosyltransferase 1 (GLT25D1) has been reported to transfer galactose to hydroxylysine residues via β (1-O) linkages in collagen. The present study investigated the function of the collagen galactosyltransferase activity of GLT25D1 against carbon tetrachloride (CCl 4 )-induced acute liver injury in vitro. Glt25d1 +/-mice and wild-type (WT) mice were injected intraperitoneally with the same dose of CCl 4 . The grade of hepatic injury and the extent of hepatocyte necrosis in the acute phase were assessed 48 h following CCl 4 injection. Hepatocyte necrosis was evaluated by histological examination and by serum alanine aminotransferase and aspartate aminotransferase levels, which were higher in the Glt25d1 +/-mice compared with those in the WT mice. Reverse transcription-quantitative polymerase chain reaction was performed, and the results demonstrated that the mRNA expression levels of inflammatory cytokines, including tumor necrosis factor-α and interleukin-6 were significantly increased in the Glt25d1 +/-mice. Furthermore, western blot analyses were performed, and the results demonstrated that the protein levels of cleaved caspase-3 and -9 were also markedly increased in the Glt25d1 +/-liver, indicating that hepatocyte apoptosis was induced. Additionally, the expression levels of transforming growth factor (TGF)-β1 and phosphorylated small mothers against decapentaplegic (Smad)2 were markedly upregulated, indicating activation of the TGF-β1/Smad2 signaling pathway during CCl 4 -induced acute liver injury in Glt25d1 +/-mice. CCl 4 administration also resulted in severe damage to Glt25d1 +/-primary hepatocytes in vitro. Taken together, the downregulation of Glt25d1 deteriorated CCl 4 -induced liver injury in mice, which may involve triggering inflammatory responses, apoptosis and TGF-β1/Smad2 signaling pathway activation.
Introduction
Liver injury has been recognized as a serious health problem worldwide (1) and can be caused by toxic chemicals, drugs or alcohol abuse, viral infection and other factors (2, 3) . However, the mechanisms underlying liver injury remain to be fully elucidated (4) and few effective therapies are available for acute liver injury at present. Therefore, it is necessary to elucidate the possible molecular mechanism underlying liver injury for developing effective drugs. The collagen β (1-O) galactosyltransferase 1 (Glt25d1) gene encodes Hyl-specific galactosyltransferase enzymes, which catalyze the transfer of β-linked Gal to Hyl residues on collagen (5,6), which initiates collagen glycosylation during its post-translational modification. Despite the identification of Glt25d1, its functional role in collagen glycosylation remains to be fully elucidated. The biological significance of collagen glycosylation also remains to be elucidated as it has neither been associated with a disease nor has a model organism harboring defective collagen glycosylation been described to date (7, 8) .
Previous studies have indicated that transgenic mice with mutations that caused cytoskeletal keratin lacking of glycosylation modifications in the extracellular matrix (ECM) are susceptible to liver injury (8, 9) and that glycosyltransferase activities in the extracellular space are important for cell growth and viability (10) . Accordingly, in the present study, Glt25d1
+/-mice, lacking one allele of Glt25d1, were Downregulation of Glt25d1 aggravates carbon tetrachloride-induced acute hepatic injury through activation of the TGF-β1/Smad2 signaling pathway established, and their susceptibility to liver injury induced by carbon tetrachloride (CCl 4 ) was compared with that of wild-type (WT) mice.
Materials and methods

Animals and treatments.
To examine the functional roles of Glt25d1 in vivo, a Glt25d1 conventional knockout mouse model was established (Glt25d1 flox/flox ) with loxP sites flanking exons 2 and 3 of the Glt25d1 gene. The Glt25d1 flox/flox mice were crossed with CMV-Cre transgenic mice, both of which were purchased from the Model Animal Research Center Of Nanjing University (Nanjing, China), to facilitate the deletion of exons 2 and 3 of Glt25d1 and generate heterozygous Glt25d1 mice (Glt25d1 +/-). This targeted disruption results in a frame shift mutation, which leads to the early termination of GLT25D1 protein translation. However, no homozygous Glt25d1 -/-mice were recovered from the intercrossed Glt25d1 +/-mice, which suggested that a lack of functional Glt25d1 alleles resulted in embryonic lethality. A total of 14 female Glt25d1 +/-mice, 7-8 weeks of age and 18-20 g in weight, were fed in a specific pathogen-free laboratory environment, with free access to standard pellet chow and sterile water. Mice were housed at the Department of Laboratory Animal Science, Peking University Health Science Center (Beijing, China), and maintained under a 12/12 h light/dark cycle, an ambient temperature of 21±2˚C and a constant humility of 50±10%. C57BL/6J WT mice of the same age, gender and weight served as controls. The mice were divided into four groups (n=6-8/group). Acute liver injury model groups (Glt25d1 +/-and WT) were injected intraperitoneally with a single dose of CCl 4 [10 ml/kg body weight dissolved in corn oil (1:6)] as reported previously (11) . The WT control and Glt25d1 +/-control mice were administered the same dose of corn oil without CCl 4 . Subsequently, all mice were sacrificed 48 h following CCl 4 injection. Blood and liver samples were collected for further analyses. All experimental procedures were performed according to the Animal Care Committee guidelines and the experimental protocol was approved by the Ethics Committee of Peking University Health Science Center.
Ala nine a m in ot ra nsfera se (A LT) a n d a spa rta te aminotransferase (AST) assessment. Serum samples were separated from the blood by centrifugation at 3,000 x g for 10 min at 4˚C. Serum AST and ALT levels were determined using a biochemical kit (Sichuan Maccura Biotechnology, Sichuan, China).
Hematoxylin/eosin (HE) staining. The liver tissues were excised, fixed in 10% formalin, paraffin-embedded, cut into 4-µm sections, and stained with HE according to a standard protocol. All the images were acquired and analyzed using an Axio Observer A1 Fluorescence Microscope (ZeissAG, Oberkochen, Germany). Six randomly selected fields (magnification, x100) were assessed for necrosis according to standard morphological criteria, including loss of architecture and morphological changes in the cells, and the necrotic area percentage was determined as reported previously (12) .
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis. Total RNA was extracted from the liver tissue using the TRIzol reagent protocol (Takara Biotechnology Co., Ltd., Dalian, China). The concentration and quantity of isolated total RNA was determined using NanoDrop One Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Reverse transcription was performed using a PrimeScript RT Reagent kit (Takara Biotechnology Co., Ltd.) under the following conditions: 37˚C for 15 min, 85˚C for 5 sec and then maintained at 4˚C. RT-qPCR was performed in a 20 µl reaction volume [diluted cDNA (2 µl), primers (0.4 µl per primer), SYBR Premix EX Taq (10 µl; Promega Corporation, Madison, WI, USA) and nuclease-free water (7.2 µl)]. qPCR was performed using a Tetrad2 Peltier Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and the reaction was run on an Applied Biosystems 7500 Real-Time PCR system under the following conditions: i) holding stage: 95˚C for 2 min; ii) cycling stage: 95˚C for 15 sec, 60˚C for 1 min, (40 cycles); iii) melt curve stage: 95˚C for 15 sec, 60˚C for 1 min, 95˚C for 30 sec, 60˚C for 15 sec. Gapdh was amplified as a reference gene and differences between the relative expression of the target genes were calculated using the 2 -ΔΔCq method (13) . The sequences of the primers used for PCR are shown in Table I .
Western blot analysis. Total proteins were extracted from the liver using T-PER™ Tissue Protein Extraction reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA; cat. no. 78510) and the protein concentration in samples was measured using the Pierce™ BCA Protein Assay kit (Thermo Fisher Scientific, Inc.; cat. no. 23227). An equivalent quantity of protein (80 µg) was loaded onto SDS-polyacrylamide gels (10%), electrophoresed and then transferred onto Immobilon ® PVDF membranes (Sigma; EMD Millipore, Billerica, MA, USA; cat. no. P3313). Following this, the membranes were blocked for 2 h at room temperature using Tris-buffered saline containing 0.1% Tween 20 and 5% skimmed milk at room temperature. The following primary antibodies were used: Monoclonal rabbit anti-mouse GAPDH (Cell Signaling Technology, Inc., Danvers, MA, USA; cat. no. 5174, 1:1,000), polyclonal rabbit anti-mouse caspase-3 (Cell Signaling Technology, Inc.; cat. no. 9662, 1:1,000), polyclonal rabbit anti-mouse Glt25d1 (ProteinTech Group, Inc., Chicago, IL, USA; cat. no. 16768-1-AP, 1:1,000), monoclonal rabbit anti-mouse caspase9 (Abcam, Cambridge, UK; cat. no. ab202068, 1:500), polyclonal rabbit anti-mouse TGF-β1 (ProteinTech Group, Inc.; cat. no. 21898-1-AP, 1:1,000), monoclonal rabbit anti-mouse phosphorylated (p)-Smad2/3 (Cell Signaling Technology, Inc.; cat. no. 8828, 1:1,000) and polyclonal rabbit anti-mouse Smad2 (ProteinTech Group, Inc.; cat. no. 12570-1-AP, 1:1,000) at 4˚C overnight. This was followed by incubation with the goat anti-mouse (Abcam; cat. no. ab6789, 1:5,000) and anti-rabbit secondary antibodies (Abcam; cat. no. ab191866, 1:5,000) for 2 h at room temperature. The sample bands were revealed using the Tanon Imaging system (Tanon Science and Technology Co., Ltd., Shanghai, China).
Isolation and culture of mouse primary hepatocytes. Mouse primary hepatocytes were isolated from the female WT or Glt25d1 +/-mice using a two-step collagenase perfusion procedure as described previously (14) . The hepatocytes were purified further using 60% percoll (1.076 g/ml) (15, 16) . The mean viability and purity of mouse primary hepatocytes following isolation were identified by trypan blue exclusion and periodic acid Schiff (PAS) staining, respectively. All the images were acquired and analyzed using an Axio Observer A1 Fluorescence Microscope (Zeiss AG). Low activity or dead hepatocytes were stained blue by trypan blue staining. Six fields (original magnification, x100) were selected randomly and the ratio of hepatocellular viability was calculated according to the following formula: Cell viability=1-(number of blue cells/total number of cells) x100%. The hepatocytes were subjected to PAS staining, which specifically stains the hepatocyte cytoplasm red, in order to assess their purity. Six fields (original magnification, x100) were selected randomly and the ratio of hepatocellular purity was calculated according to the following formula: Hepatocellular purity=(number of red cells/total number of cells) x100%.
Induction of hepatocyte death/apoptosis. The cells were plated in 96-well plates at a density of 30,000 cells/well and cultured in high-glucose Dulbecco's Modified Eagle Medium (cat. no. 10569010; Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (cat. no. 10100l47; Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin (cat. no. 1037806; Gibco; Thermo Fisher Scientific, Inc.) under a humidified atmosphere of 5% CO 2 at 37˚C for 24 h. Following this, the cells were used for the experiments and divided into the following groups: Groups 1 and 2 (normal control): Culture media were removed and cells were treated with 100 µl of serum-free medium for 2 h. A further 100 µl of serum-free medium was then added for the following 24 h; groups 3 and 4 (CCl 4 treatment): Culture media were removed, and the cells were treated with 100 µl of serum-free medium for 2 h. A further 100 µl of serum-free medium containing CCl 4 at the selected concentration (1% v/v) (17) was added for the following 24 h. CCl 4 cytotoxicity was determined using a CCK-8 assay kit. The cells were treated with CCK-8 reagent Statistical analysis. Quantitative data are expressed as the mean ± standard deviation, and statistical evaluation was performed using SPSS 18.0 statistical software (SPSS, Inc., Chicago, IL, USA). Significance was determined by Student's t-test or two-way analysis of variance followed by Tukey's test. P<0.05 was considered to indicate a statistically significant difference.
Results
Downregulation of Glt25d1 aggravates CCl 4 -induced hepatic injury.
As shown in Fig. 1A -D, the HE staining showed severe hepatocyte degeneration and necrosis at the centrilobular zones at 48 h post-CCl 4 administration. The Glt25d1 +/-mice exhibited larger annular necrotic lesion areas around the hepatic lobule portal area compared with the WT mice (0.48±0.10, vs. 0.22±0.06, P<0.01) as shown in Fig. 1E (arrows indicate lesions) and exhibited bridging necrosis. The above results were supported by a higher increase of serum ALT and AST levels in the Glt25d1 +/-mice compared with the WT mice (P<0.001; Fig. 1F and G) . For further confirmation of these results, the mRNA expression of inflammatory cytokines was examined. CCl 4 treatment caused elevated expression of Tnf-α, Il-6 and Il-1β in the livers of the WT mice, and the expression levels of Tnf-α and Il-6 were increased further in the Glt25d1 +/-mice (all P<0.05; Fig. 2A-C) .
Glt25d1 deficiency increases CCl 4 -induced hepatocellular apoptosis. The levels of the cleaved forms of caspase-3 and -9 in the Glt25d1
+/-liver were significantly higher compared with those in the WT liver (P<0.001 and P<0.01, respectively; Fig. 3A-C) .
Activation of the TGF-β1/Smad2 signaling pathway in Glt25d1
+/-mice. Compared with the control mice, the model mice exhibited elevated levels of TGF-β1 and p-Smad2/Smad2. The upregulation of the TGF-β1/Smad2 signaling pathway in the Glt25d1 +/-liver was more marked compared with that in the WT liver (P<0.001, Fig. 3A, D and E) . CCl 4 treatment increased the protein level of Glt25d1 in the WT and Glt25d1 +/-mice (P<0.05; Fig. 3A and F) .
Downregulation of Glt25d1 enhances CCl 4 -induced cytotoxicity in mouse primary hepatocytes in vitro.
The morphology of mouse primary hepatocytes following initial plating and incubation for 4 h is shown respectively in Fig. 4A and B. Low activity or dead hepatocytes were positively stained by trypan blue (Fig. 4C) . Six randomly selected fields (magnification, x100) were subsequently investigated, and the mean viability of primary hepatocytes was revealed to be >94.0% (data not shown). As presented in Fig. 4D , the purity of cultured hepatocytes was investigated by PAS staining, which specifically stains the hepatocyte cytoplasm red. Following this, six randomly selected fields (magnification, x100) were investigated, and the mean purity of primary hepatocytes was revealed to be 96.25±1.20% (data not shown).
The Glt25d1
+/-primary hepatocytes exhibited decreased viability upon treatment with 1% CCl 4 . Compared with the WT cells, the Glt25d1 +/-primary hepatocytes were more sensitive to CCl 4 -induced toxicity and showed greater loss of viability (P<0.05; Fig. 4E ). Representative western blots of TGF-β, Glt25d1, cleaved caspase-3, cleaved caspase-9, caspase-9, p-Smad2/3 and Smad2 in the liver. Quantification of individual protein bands of (B) cleaved caspase-3, (C) cleaved caspase-9, (D) TGF-β, (E) p-Smad2 and (F) Glt25d1 were normalized to the corresponding GAPDH levels (n=6-8). P<0.001; significance determined by Student's t-test or two-way analysis of variance followed by Tukey's test. Glt25d1, collagen β (1-O) galactosyltransferase 1; CCl 4 , carbon tetrachloride; WT, wild-type; TGF-β, transforming growth factor-β; Smad, small mothers against decapentaplegic; p-, phosphorylated; NS, not significant.
Discussion
The present study demonstrated that Glt25d1 +/-mice, which exhibited downregulated Glt25d1 synthesis, developed aggravated CCl 4 -induced liver injury compared with WT mice in vivo. It also provided evidence suggesting that Glt25d1 deficiency may aggravate CCl 4 -induced liver injury via TGF-β1/Smad2 signal pathway activation.
The ECM is known to have multiple biological functions, including cell self-renewal, adhesion, differentiation, proliferation and survival (18, 19) . Despite the well-regulated homeostasis of ECM components, particularly the level of collagen, which is important in tissue repair and remodeling (20, 21) , few studies have investigated the role of collagen glycosylation in the pathogenesis or resolution of acute liver injury. In 2009, Schegg et al (5) confirmed that collagen glycosylation during post-translational modification was catalyzed by Glt25d1 and Glt25d2 in vitro. Subsequent investigations have demonstrated that Glt25d1 is required for the secretion of high molecular weight adiponectin (6) and that Glt25d1 deletion induces collagen accumulation in osteosarcoma cells in vitro (7) . The present study is the first, to the best of our knowledge, to examine the effect of Glt25d1 on acute liver injury in vivo.
The present study utilized CCl 4 , a chemical hepatotoxin, to generate a classical animal model of acute hepatic injury (22, 23) in Glt25d1 +/-and WT mice. The results demonstrated that the Glt25d1 +/-mice developed aggravated CCl 4 -induced liver injury compared with the WT mice. HE staining of the Glt25d1 +/-liver tissues showed severe hepatocyte degeneration and necrosis (Fig. 1D) , which was supported by a higher increase in the levels of serum ALT and AST (Fig. 1E and G) . These data also provided evidence that Glt25d1 had beneficial effects in reducing hepatic necrosis. Apoptosis or programmed cell death, particularly hepatocyte apoptosis, is a common feature of various liver diseases (24) . Previous studies have reported severe hepatocyte apoptosis in CCl 4 -induced acute liver injury (25, 26) . In order to evaluate the extent of liver tissue apoptosis in the present study, western blot analysis for cleaved caspase-3, cleaved caspase-9, and pro-caspase-9 was performed, which revealed that the apoptosis was more severe in the livers of the Glt25d1 +/-than in the livers of the WT mice (Fig. 3A) . It is well known that hepatocyte necrosis can recruit numerous inflammatory cells, which secrete cytokines, including TNF-α, IL-6 and IL-1β, and trigger an inflammatory response (27, 28) . In addition, evidence suggests that apoptosis is a pro-inflammatory and fibrogenic stimulus (29) . Consistent with the above results, the mRNA levels of Tnf-α and Il-6 were markedly increased in the livers of Glt25d1 +/-mice in the present study ( Fig. 2B and C) , which indicated that normal collagen glycosylation may alleviate CCl 4 -induced liver dysfunction. Hyaluronan (HA), a ubiquitous glycosaminoglycan, is another common component of the ECM (30) . Consistent with the results of the present study, HA-knockout mice exhibited increased hepatic injury in CCl 4 -induced acute liver injury (31) . These results demonstrated that integrity and repair of the ECM is important in ameliorating liver injury.
Under the same CCl 4 treatment, Glt25d1 +/-primary hepatocytes showed increased loss of viability in vitro (Fig. 4D) , which was consistent with the results of Baumann and Hennet, who suggested that the complete loss of collagen glycosylation catalyzed by GLT25D1 and GLT25D2 impairs osteosarcoma cell proliferation and viability (7) . This suggests that GLT25D1 deficiency may directly influence CCl 4 -induced cytotoxicity in primary hepatocytes.
A number of studies have shown that the TGF-β1 signaling pathway is involved in the development of various diseases (32) (33) (34) and that activation of the TGF-β1/Smad signaling pathway may aggravate the severity of CCl 4 -induced liver injury (35) . To determine whether the glycosylation effect of GLT25D1 alleviates acute liver injury through TGF-β1 signaling pathways, the present study evaluated the protein levels of p-Smad2, Smad2 and GLT25D1 in the liver tissues. The results indicated that, upon CCl 4 administration, the protein expression levels of GLT25D1 and p-Smad2, and the ratio of p-Smad2/Smad2 were upregulated, compared with the control mice. In addition, activation of the TGF-β1/Smad2 signaling pathway was more marked in the Glt25d1 +/-mice. These data demonstrated that GLT25D1 deficiency may aggravate CCl 4 -induced liver injury through TGF-β1/Smad2 signaling pathway activation.
There were several limitations of the present study. Firstly, due to the embryonic lethality induced by conventional knockout, it was not possible to obtain Glt25d1 -/-homozygous mice. In follow-up investigations on embryonic lethality, the Glt25d1 -/-mouse embryos exhibited severe developmental arrest and usually died prior to embryonic day 13.5. To better understand the function of Glt25d1, the generation of liver-specific Glt25d1 mutant mice is underway.
Secondly, in order to evaluate CCl 4 -induced hepatotoxicity in the WT and Glt25d1 +/-primary hepatocytes in vitro, ALT, AST and lactate dehydrogenase require identification in the culture supernatants. These associated experiments are also underway.
In conclusion, using Glt25d1 +/-mice, the present study demonstrated that Glt25d1 deficiency aggravated CCl 4 -induced acute liver injury through activation of the TGF-β1/Smad2 signaling pathway. Although further investigation is required to elucidate the detailed mechanisms responsible for these observations, the role of Glt25d1 requires consideration for examining novel therapeutic strategies against acute liver injury.
